Abstract Temporary rivers are characterized by recurrent dry phases, and global warming will stress their hydrology by amplifying extreme events. Microbial degradation and transformation of organic matter (OM) in riverbed sediment are key processes with regard to carbon and nutrient fluxes. In this study, we describe structural and functional changes of benthic microbial communities in a riverine environment subject to hydrological fluctuation. Sampling was carried out in the outlet section of the Mulargia River (Sardinia, Italy) under various water regimes, including one flood event. Overall, sediments were characterized by low bacterial cell abundance (range 0.6-1.8 9 10 9 cell g -1 ) as a consequence of their low nutrient and OM concentrations. No major differences were found in the community composition. Alpha-Proteobacteria dominated during the whole year (range 21-30%) followed by Beta-Proteobacteria, Gamma-Proteobacteria, and Cytophaga-Flavobacteria which always contributed \18%. Planctomycetes and Firmicutes were found in smaller amounts (\7%). In spring, when the highest total organic carbon content was also detected (0.42% w/w), both bacterial abundance and C production (BCP, 170 nmol C h -1 g ) were observed. Moreover, most of the extracellular enzyme activities (EEA) changed significantly during the flood. The variation of the water flow itself can explain part of these changes and other factors also come into play. The presence of different patterns of functional parameters could suggest that the quality of the OM could be the major driving force in nutrient flux.
Introduction
Recent research and observations of increases in global average air and ocean temperatures have led the Intergovernmental Panel on Climate Change (IPCC, 2007) to conclude that warming of the climate system is unequivocal. Because the saturation vapor pressure of water in air is highly sensitive to temperature, it is expected that global warming will lead to perturbations in the global water cycle (Allen & Ingram, 2002) . At the continental, regional, and ocean basin scales, numerous long-term climate changes were observed from 1900 to 2005, with an increase in the occurrence of extreme events such as increased drying and heavy precipitation (IPCC, 2007) . Such changes can have a significant impact on aquatic ecosystems by changing biological processes that obey the physical and chemical principles governing transformations of energy and materials (Gillooly et al., 2001; Brown et al., 2004) .
Temporary rivers are dominant in the Mediterranean area and are characterized by a recurrent dry phase of varying duration and spatial extent, usually in summer (Guys & O'Keeffe, 1997) . This seasonality significantly changes the dominant processes through the year (Kirkby, 2005) and makes these rivers particularly vulnerable to anthropogenic pressure. Temporary rivers have been exploited by mankind for millennia because they represent an important source of water in semiarid areas. Global warming is going to impose increased stress on temporary rivers by amplifying extreme weather events and by increasing water scarcity associated with intense runoff and flushing (Milly et al., 2005; Gallart et al., 2008) . Hence, environmental changes can affect the hydrology of temporary rivers modifying the exploitation of these systems (Guys & O'Keeffe, 1997; Baldwin & Mitchell, 2000; Dahm et al., 2003) . Although temporary rivers are widespread in semiarid regions worldwide, few data are available about their hydrological and biogeochemical characteristics. The majority of temporary rivers are found in un-gauged basins, and their geomorphologies differ from the traditional geological norms on which watershed models are based .
The biogeochemical role of the riverine system in the carbon cycle is typically to export C from terrestrial systems to the ocean although a substantial fraction is respired in freshwater ecosystems (Cole et al., 2007) . In different hydrologic conditions river sediments can act as sink or source of nutrients Butturini et al., 2003; Valett et al. 1994) . During dry periods, the ecological processes are mainly restricted to sediments where organic matter (OM) and pollutants accumulate and mineralization rates decrease (Fonnesu et al., 2004; . After a drought, the first rain flushes the sediments, and the resulting remobilization of dissolved and particulate OM affects the chemical characteristics of the receiving water bodies, i.e., estuaries, reservoirs, and lakes .
The microbial degradation and transformation of the OM deposited in the river channel bed is a key process with regard to the C-flux in the lotic food web (Fischer & Pusch, 2001; Findlay et al., 2003; Mulholland, 2003) . Via the microbial food chain, complex organic substrates are solubilized in a series of steps from particulate OM to high molecular weight dissolved organic carbon and low molecular weight substrates by the enzymatic hydrolysis (Chrost, 1991) . The OM thus enters the microbial food chain and is ultimately remineralized to CO 2 (Marxsen & Fiebig, 1993; Findlay et al., 2003) . In aquatic environments heterotrophic microbial communities therefore represent the link between sedimentary OM and the upper level of the community comprising carnivores (Marxsen, 2006) .
In temporary rivers, the high variability of hydrological and physicochemical characteristics can strongly affect microbial community composition and functioning, thus indirectly determining changes in the C-flux (Jones et al., 1995; Butturini et al., 2003; Romani et al., 2006; .
In the European Community, all water resources must be managed to achieve the requirements of the Water Framework Directive (WFD-2000/60/EC) and to date, temporary rivers have posed a significant challenge to the development of sustainable water management plans. This study is part of the EU-funded project TempQsim (EVK1-CT2002-00112) in which seven catchments were investigated to improve the understanding and modeling of water quality in temporary rivers. Recent studies have described the effect of the dry period on biogeochemical processes and on metabolic rates of the benthic microbial community under experimental conditions Fazi et al., 2008; Marxsen et al., 2010) . What is still needed is a description of the microbial metabolic rates under natural conditions. To this end, we investigated the response of the benthic microbial communities of the Mulargia River (Italy) in terms of structural and functional parameters, under varying seasonal conditions ranging from baseline water flow to flood. In particular our aim was to analyze the variability of bacterial communities in a variable environment to provide information on how hydrology can drive C-flux mediated by microbial community.
Materials and methods

Study site and sediment characterization
The Mulargia River is a second-order temporary river representative of the semiarid Mediterranean Region (Fonnesu et al., 2004; Gallart et al., 2008) located in southeastern Sardinia Island (Italy; 39°38 0 N, 09°11 0 E). The main reach has a length of 18 km, with a catchment extension of 64.76 km 2 , spanning an elevation range from 250 to 750 m. The river network has an overall length of around 44 km, and the distance from the origin of the stream to the outlet in the Mulargia reservoir is 18 km. The Mulargia River is one of the main tributaries of the Flumendosa River, which supplies a large majority of the water distribution network of southern Sardinia for civil, agricultural, and industrial purposes. The vegetation is typical for low and high Mediterranean macchia. The Mediterranean climate in the area is characterized by an average annual rainfall of 535 mm mostly in autumn and winter. In summer, the temperature can rise to 40°C. Flood events play an important role in the transport of suspended solids and dissolved nutrients (Lo Porto et al., 2006) , although the first flushes account for only 10% of total annual flow.
Based on monthly flows measured between 1992 and 2004 by Ente Acque Sardegna, three hydrographic periods can be highlighted for Mulargia River: (i) the rainy period, from December to April, characterized by ''regular'' monthly flows ranging from 1 to 3 9 10 6 m 3 (0.4-1.2 m 3 s -1 ); (ii) a dry period, from July to September, characterized by ''very low'' monthly flows around 50 9 10 3 m 3 (0.02 m 3 s -1 ); and iii) an intermediate period, in May, June, October, and November, with ''low'' monthly flows ranging from 0.3 to 1 9 10 6 m 3 (0.1-0.4 m 3 s -1 ). Water quality characteristics were determined in a parallel study in the period from September 2003 to June 2004, through analyses of inorganic nutrients, particulate P and N and OM concentration in samples collected by an automatic sampling station. Data (provided by Hydrocontrol S.C.R.L., Italy) showed a high variability in water quality, especially for dissolved OM (range 0.06-2.00 g l -1 , cv 90%), particulate phosphorous (range 0.01-12.60 mg l -1 , cv 226%), and nitrogen (range 0.04-148.60 mg l -1 , cv 203%).
In this study we performed bimonthly samplings from January to September 2004 including periods of regular (January and March), low (May), and very low water flow (July and September). An additional sampling was carried out in February 2005 during a flood event.
Sediment samples were collected in the outlet section just upstream of the Mulargia reservoir. The uppermost oxic layers (0.5-2 cm) of three homogeneous patches were sampled with a plastic scoop and immediately sieved by a 2-mm mesh . Chemical and biological measurements were performed on the fine sediment fraction (\2 mm) where the majority of microbiological activities take place (Goedkoop et al., 1997; Fischer & Pusch, 2001; Hubas et al., 2006) . Separation of the fine fraction by sieving can be regarded as a physical normalization to reduce the difference in the granulometric composition of the sediment and to exclude the macrofauna. The sieved fraction was stored in polycarbonate acid washed buckets (3 dm 3 ) and kept refrigerated (4°C) until the beginning of the analyses, within 24 h.
Grain-size distribution was determined in accordance with the soil textural triangle (Gerakis & Baer, 1999) . Sediment OM content (ash-free dry weight-AFDW) was determined by subtracting ash weight (500°C, 3 h) from dry weight (105°C, overnight). Total organic carbon (TOC) and total nitrogen (TN) concentrations were determined using a Carlo Erba NA 1500 CHN Analyzer. Subsamples were acidified with 2 N HCl for TOC analysis. Total (TP) and organic phosphorous (TOP) were determined by spectrophotometry (Lambda BIO 20, Perkin Elmer). All analyses were performed in triplicate, and values are expressed as a percentage of dry weight (w/w).
Bacterial abundance and community composition
All sediment samples were treated to detach cells from particles for accurate cell quantification by epifluorescence microscopy. The extraction treatments were performed according to the protocol proposed by , which is reported to be particularly efficient for analyses of fine sandy sediments. Briefly, 1 g of sediment (duplicates) was fixed in formaldehyde solution (final concentration 2.0%), and amended with Tween 20 (final concentration 0.5%) and sodium pyrophosphate (1 g l -1 final concentration), resulting in 10 ml sediment slurry. The slurry was then shaken and sonicated (20 W for 1 min; Microson XL2000 ultrasonic liquid processor with 1.6-mm-diameter microtip probe, Misonix, NY, USA). Thereafter, 1 ml of the resulting slurry was transferred to a 2-ml Eppendorf tube, and 1 ml of the density gradient medium Nycodenz (Nycomed, Oslo, Norway) was placed underneath using a syringe needle. High-speed centrifugation was performed in a swing-out rotor for 90 min at 4°C. Nycodenz-purified subsamples (0.5-1 ml) were filtered on 0.2 lm polycarbonate membranes (47 mm diameter, Nuclepore) by gentle vacuum (\0.2 bar) and washed with 10-20 ml of sterile ultrapure water. One section of each filter was stained for 20 min with DAPI (1 lg ml -1 final concentration) and the remaining filter was stored at -20°C for further Fluorescence In Situ Hybridization (FISH) analysis. In order to prove the effectiveness of the above-described extraction procedures, as suggested by , the remaining sediment slurry (9 ml) was left overnight at 4°C, allowing the coarse particles to settle. Three aliquots (0.1 ml) of the supernatant obtained after the overnight settling were stained for 20 min with DAPI (1 lg ml -1 final concentration) and collected on black filters (pore size 0.2 lm, 25 mm diameter, Nuclepore Corporation, Pleasanton, CA, USA). Bacterial abundance (BAB) was determined by epifluorescence microscopy in both the Nycodenz purified and unpurified slurry. Because (i) the abundance of cells, expressed per gram of dry sediment (cells g -1 ), did not differ before (data not shown) versus after Nycodenz purification and (ii) the purification remarkably reduced the occurrence of abiotic particles allowing the straightforward visualization of cells, the bacterial abundance was estimated by counting on FISH-stained filter sections after Nycodenz purification (n = 12).
The bacterial biomass (BB) was determined by considering a per-cell C content of 40 fg, as experimentally determined in the same environment . For community composition, additional filter sections were analyzed by Fluorescence In Situ Hybridization (FISH), in accordance with the protocol of Pernthaler et al. (2001) . The following oligonucleotide probes were utilized: EUB338, EUB338-II, and EUB338-III, targeted to most Bacteria; ALF968, BET42a, and GAM42a, specific for the Alpha-, Beta-, and Gamma-Proteobacteria subclasses, respectively; CF319a for Cytophaga-Flavobacterium; PLA46a for Planctomycetales; and LGC354abc for Firmicutes (Gram-positive bacteria with low GC content). Further details on the above-mentioned probes are available at probeBase (Loy et al., 2003) . All probes, 5 0 -labeled with Cy3 dye, were commercially synthesized (Biomers.net, Ulm, Germany). Data are expressed as percentage of total DAPI-stained cells.
Bacterial carbon production
Bacterial carbon production (BCP) was estimated with [ 3 H]leucine incorporation measurements following the method proposed by Buesing & Gessner (2003) , in combination with the microcentrifugation technique proposed for water samples by Smith & Azam (1992) and applied to soil by Bååth et al. (2001) . Wet sediment (0.5 g, four replicates) was transferred into 2-ml screw-cap heat-resistant Sorensen microcentrifuge tubes (Sorenson Bioscience, Salt Lake City, UT, USA). Milli-Q water was added to create a final volume of 1 ml in all tubes. An aqueous solution of radioactive leucine [50 lM: unlabeled, 49.85 lM final concentration (L 8912, Sigma-Aldrich); [ 3 H] labeled, 0.15 lM final concentration (NEN Life Science Products, Boston, Massachusetts, USA)] was added to three replicates of each sediment sample. A preliminary test showed that leucine saturation was reached in all sediment samples at a final concentration of 50 lM. Zero-time controls were run by killing samples with 100% trichloroacetic acid (TCA, 5% final concentration), 15 min before leucine addition. Tubes were homogenized by vortexing and incubating (1 h) at 20°C in the dark. Incubations were stopped by adding 100% TCA (5% final concentration). All tubes were centrifuged at 14,000 rcf for 10 min at room temperature. The supernatant was discarded to separate macromolecules from the non-incorporated label. Four washing steps were then performed adding 1 ml of 5% TCA, unlabeled leucine solution (40 mM), 80% ethanol, and Milli-Q water, respectively. To extract protein, 1 ml of NaOH (1 N) was added to the pellet, and the tubes were heated (1 h at 90°C), cooled down, and recentrifuged. The supernatant (0.1 ml) was transferred into a 2-ml Eppendorf tube, 1 ml of liquid scintillation cocktail (Ultima Gold, Packard Bioscience, Meriden, CT, USA) was added, and radioactivity was detected with the TRICARB 4430 (Packard Bioscience) scintillation counter. The rates of leucine incorporation were converted into units of C per sediment dry weight (lg C h -1 g -1 ) by applying the conversion factor of 1.44 kg C produced per mole of incorporated leucine (Buesing & Marxsen, 2005) . Considering the exponential growth model (Koch, 1994) and the total biomass (B), bacterial growth rates (l = ln((BB ? BCP)/BB)/h) and turnover times (T 2 = (ln 2)/l) were calculated. The per-cell specific production (BCPs in fg C h -1 cell -1 ) was computed by dividing C production by cell abundance.
Respiration of benthic microbial communities
Aerobic respiration of the benthic microbial community (CR) was assessed by measuring the oxygen consumption of sediments enclosed in incubation chambers. This method has been used in the uppermost sediment layer of semiarid streams (Jones et al., 1995; Uehlinger et al., 2002) . The choice of the method for respiration rate measurements is tricky because a series of constraints, including interference by algae, the disruption of microbial communities, and excessive manipulation of the sample (Döring, 2007) . Consequently this procedure does not reproduce exactly the in situ respiration, but it gives a valuable estimate of the total sediment mineralization rates and permits comparison among samples. In addition, it should be considered that in our sediments, CR most likely represents microbial respiration (Törnblom, 1996; Goedkoop et al., 1997; Bastviken et al., 2003; Hubas et al., 2006) , and the sandy nature of our samples (see the granulometric analysis below) reduces the contribution of algae (Romani & Sabater, 2001) .
Aliquots (*400 g w/w) of sieved sediment were utilized to fill the lowest halves of two replicated respiration glass chambers (54 mm 9 300 mm). The rest of each chamber was subsequently filled with dissolved oxygen (DO)-saturated river water (*300 ml) passed through acid washed 0.2 lm Nuclepore filters to remove particulate matter. Each whole chamber was carefully weighed in addition to the empty chamber, the sediment, and the water. The chambers were sealed, inverted several times, and opened to allow any air trapped in the sediments to escape. The stopper was removed cautiously to measure the concentration of DO and temperature using a DO-meter (WTW oxi 330, probe cell oxy 325), and the chamber was resealed again. The chambers were then set down horizontally, gently distributing the sediment within. The incubation, which lasted at least 2 h, was performed in the dark at in situ temperature. The duration of the incubation depended on the metabolic activity of the sediments and was prolonged until a decline of C1 mg l -1 was observed. After incubation the final dissolved oxygen concentration was measured by the DO-meter. CR was calculated as dissolved oxygen depletion versus time per unit of dry weight of sediment and then transformed into C units, assuming a respiratory quotient (RQ) of 1.
The bacterial growth efficiency (BGE) is frequently used to describe what proportion of the assimilated carbon is used for biomass production or to meet energy demands by the benthic microbial community (Törnblom, 1996; Goedkoop et al., 1997; Bastviken et al., 2003) . BGE was calculated as BCP/ (BCP ? CR), with (BCP ? CR) representing the total biological organic carbon demand in the oxic environment.
Extracellular enzyme activities
Extracellular enzyme activities (EEA) in sediments were determined spectrofluorometrically (Jasco, FP-6200 spectrofluorometer) using fluorescent substrates. Organic substrates (organic phosphorous, proteins, lipids, derived cellulose organics) were selected to model the common constituents of sinking OM. All activities were measured at saturating concentrations of substrate (final concentrations: leucine-4-AMC, 1 mM; 4-MUF-P-phosphate, 0.3 mM; MUF-beta-Dglucopiranoside, 0.5 mM; 4-MUF-oleate, 0.5 mM) following the procedure proposed by Wobus et al. (2003) . Incubations were performed in the dark for 1 h (1.5 h for aminopeptidase) at in situ water temperature under continuous shaking. Substrate blanks were also incubated after boiling the sediments at 100°C for 20 min. After incubation, 1 ml of glycine buffer (0.1 M, pH 10) was added to the phosphatase, betaglucosidase, and lipase assay, and 1 ml Hepes buffer (0.1 M, pH 7.5) to the aminopeptidase assay. Samples were centrifuged at 7,000 9 g at 6°C for 10 min. The fluorescence was measured in the supernatant and corrected for the fluorescence of blanks. The hydrolysis rates were calculated after calibration of the spectrofluorometer with a standard alkaline solution of AMC (7-amino-4-fluoromethyl-coumarin) or MUF (4-methyl-umbelliferone).
Statistical analysis
Bivariate relationships between different parameters were examined using the Pearson correlation (r). Principal components analysis (PCA) was performed with the Statistica 7.0 software package (StatSoft Inc., Tulsa, OK). A PCA biplot was calculated using all parameters related to the influence of benthic prokaryotes on C transformation (AFDW, Bacterial Biomass, Bacterial Growth Efficiency, Growth Rate, Doubling Time, Community Respiration) as active variables. Moreover, to better synthesize the matrix of microbiological data, metabolic activities (AMA, APA, lipase, beta-glu) and the percentage abundance of main taxa characterizing the community composition (Alpha-, Beta-, Gamma-Proteobacteria) were used as supplementary variables. All variables were normalized using division by their standard deviations, and the biplot was computed by the data correlation matrix.
Results
Water and sediment characterization
The variability of the water flow, temperature, and conductivity during the survey are shown in the Fig. 1 . The measured flows are coherent with the average historical monthly flows (see above), except for February 2005, when repeated rains gave rise to a peak flow of 6.2 m 3 s -1 . During the entire survey the temperature of the water changed significantly (range 8.5-28.8°C), as did the conductivity (range 128-1,814 lS cm -1 ). On average sediment samples were classified as coarse sand and composed of sand (80% coarse and 15% fine sands), clay (\2%), and silt (3%). The chemical composition of the sediments is reported in Table 1 . Overall nutrients and OM concentrations with the exception of P, which was rather stable, decreased from winter to summer (from regular to very low flow) with the exception of the flood, when almost all parameters increased significantly. Ashfree dry weight varied between 1.80% (January) and 0.41% w/w (September). TOC decreased significantly, from 0.42% (March) in conditions of regular flow to 0.08% w/w (July) during very low flow. TN decreased from 0.06% (January) to 0.01% w/w (July), but increased about tenfold during the flood (February, 0.24%). TP showed limited changes between sampling periods (0.03 ± 0.004%), whereas TOP showed the smallest contribution in January (0.005%) and a constant value during the other samplings (0.012 ± 0.004%) ( Table 1) .
Microbial community structure and activity Bacterial abundance showed a mean value of 0.9 9 10 9 ± 0.5 9 10 9 cells g -1 . The highest bacterial abundances were observed in different environmental conditions in March (1.8 9 10 9 cell g -1 ) and September (1.0 9 10 9 cell g -1 ) (Fig. 2a) . In winter (January and February), the bacterial abundance assumed similar values in the lowest range (6.0 and 5.7 9 10 8 cell g -1 ), although samplings were performed under different water flow conditions.
The percentages of cells hybridized by the generic probe targeting Bacteria (EUB I-III) ranged from 61 to 79%. At the division level, Alpha-Proteobacteria dominated over the other taxa during the whole year of sampling, with percentages of DAPI-stained cells varying from 30.2 ± 2.1% (January) to a minimum ), temperature, and conductivity at the selected site during the sampling period of 21.3 ± 3.0% (February) (Fig. 2b) . Relatively high percentages of Beta-(18.3 ± 1.4%; February) and Gamma-Proteobacteria (15.7 ± 0.2%; March) were also detected. Cytophaga-Flavobacterium (range 12.0-2.3%), Planctomycetes (range 7.7-3.0%), and Firmicutes (range 0.45-0.35%) were each found in a smaller amounts. It is interesting to note that cells detected by the probes EUB I-III were almost completely characterized by the use of six generic probes in winter samples. In the other sediment samples, up to 30% of Bacteria remained unaffiliated (Fig. 2c) .
Bacterial carbon production (Fig. 3a) varied significantly, showing the highest rate in spring, under regular flow conditions (March, 170 ± 9 nmol C g -1 h -1 ). The minimum rates were observed in summer under very low flow conditions (July, 69 ± 4 nmol C g -1 h -1 ). The per-cell BCP (BCPs) showed the lowest values at regular and very low flow (March and July, 0.09 f mol C h -1 cell -1 ), with a significant increase during the flood event (0.27 f mol C h -1 cell -1 ). The turnover time (T 2 ) decreased to the lowest value (9.7 h) in February, whereas in July we observed the maximum value (27.9 h).
Mineralization processes were measured by utilizing incubation chambers, which provide a rough estimate of community respiration (CR) rates in response to a complex and dynamic system (Fig. 3a) . CR rates showed low variability during the study period (mean 18.2 ± 7.7 nmol C g -1 h -1 ), with the exception of the peak value registered during the flood (February, 74.7 nmol C g -1 h -1 ). The measurements of BCP and CR allowed us to estimate BGE, assuming that in the fraction of sediments \2 mm in size, microbial contribution to respiration is dominant (Goedkoop et al., 1997; Fischer & Pusch, 2001; Hubas et al., 2006) . In this study, BGE always assumed values [0.6. Environmental changes resulted in relatively low efficiencies in July and February (0.6 and 0.7, respectively), when environmental conditions differed significantly in terms of flow, temperature, conductivity, and nutrients.
The potential hydrolysis of phosphorylated organic compounds (APA) and proteinaceous material (AMA) represented the dominant extracellular enzymes in most of the samples (Fig. 3b) . APA showed the highest activity in spring, in concomitance with regular flow conditions (March, 140.5 ± 4.2 nmol MUF h -1 g -1 ), whereas the highest AMA was found during the flood (February, 160 ± 11.2 nmol MCA h -1 g -1 ). Overall the lowest EEA were found in winter under regular flow conditions (January). On average, changes in lipase and beta-glucosidase activities indicated that the hydrolysis of lipids and polysaccharides assumed minor importance for the benthic microbial community, making a more limited contribution. The only exception was observed during the flood (February), when beta-glucosidase activity represented the highest hydrolytic rate (178.7 ± 14.7 nmol MUF h -1 g -1 ). In this study, correlation analysis showed that APA accounted for 80% of BAB variability (P \ 0.05), and AMA determined 91% of BCP variability (P \ 0.05). Moreover, lipase and beta-glucosidase activities were associated with CR rates (r = 0.92 and 0.91, P \ 0.01).
In synthesis, patterns related to microbial C transformations and the relationships of these patterns to microbial community composition are summarized in a PCA biplot (Fig. 4) . PC1 and PC2, respectively, explained 63.5 and 24.1% of the variation of C transformation in sediments collected during the survey. The PC1 axis mainly discriminates the spring conditions combined with regular flow (March), with Table 1 Ash-free dry weight (AFDW), total organic carbon (TOC), total nitrogen (TN), total phosphorous (TP), and total organic phosphorous (TOP) mean contributions (± SD; n = 3) to the Mulargia sediments, expressed as percentage of dry weight (w/w) (i.e., OM quality in February or P in March) from those characterized by relatively balanced nutrient conditions (January and May). Interestingly, the percentage of Alpha-Proteobacteria was associated with a relatively high value of BGE, whereas high values of biomass were related to a more intense APA and increasing dominance of GammaProteobacteria.
Discussion
In this study we described variabilities among the benthic microbial communities living in a temporary river subject to drastic changes. Our sampling strategy allowed us to analyze communities under different seasonal conditions of water flow. The structural parameters of the microbial community (cell abundance and community diversity) showed reduced variability with respect to functional characteristics. The variation of the water flow itself can explain part of these changes and other factors also come into play.
In this survey, we identified different scenarios that can significantly affect the basic nutrient flux in this ecosystem.
In winter, we observed different microbial responses to flow changes. The most significant variations were observed with EEAs: at regular flow, EEAs were significantly reduced whereas during a flood event, the significant increase of EEAs was associated with the increase of TOC, TN, and TP content in sediments (0.28, 0.24 and 0.041%, respectively). High values of BCPs were also observed during the flood, in the presence of a less abundant bacterial community, along with low values of BGE. These high metabolic rates produced fast bacterial turnover time (less than one half of one day). The differences observed between these two winter samplings can be attributed to the different qualities of the OM transported by the river flow since rapid hydrological changes imply high variability in OM and nutrient availability (Holms et al., 1998; . Unfortunately, we do not have much information on the OM composition in this sediment, but it is known that during floods a large transport of allochthonous OM occurs in this river (Lo Porto et al., 2006) . As a matter of fact, the episodic flood events are the major source of the transport of the total suspended solids into the Mulargia reservoir and of 50% of the annual TN and TP inputs.
In spring the highest concentration of TOC (0.42%) sustained the highest values of BCP and bacterial abundance, with consequent low specific BCP rates and high turnover time (one day). Taking into account that in this season photosynthetic biomass and activity are highly stimulated (Wilczek et al., 2005) , we can suppose a significant contribution of autotrophic metabolism in fueling the bacterial community with labile organic substrates. The high APA rates could support this hypothesis because this activity is also associated with the autotrophic compartment (Hoppe, 2003; Wilczek et al., 2005) .
In summer, relatively low BCP and BCPs rates resulted in the longest turnover time ([1 day). The minimum water flow and the lack of precipitation may also cause a reduction in the input of nutrients and in the renewal of labile OM, consumed as the season progresses, becoming limiting in summer. The low TOC content (0.08%) registered in this period could support this hypothesis. This condition is Active Fig. 4 Biplot of the PCA carried out via the data correlation matrix. All variables were normalized by their standard deviations. Ash-free dry weight (AFDW), bacterial biomass (BB), bacterial growth efficiency (BGE), growth rate (l), doubling time (T 2 ), and community respiration (CR) were used as active variables. Enzyme activities-alkaline phosphatase (APA), beta-glucosidase (beta-glu), aminopeptidase (AMA), and Lipase-and the percentages of Alpha-, Beta-, and Gamma-Proteobacteria were projected onto the factor space as supplementary variables typical of the semiarid Mediterranean region, in which sediment can become completely dry in the hot season. Unfortunately, we did not have the chance to sample the sediment during a no-flow period as the summer of 2004 was unusually wet. In parallel laboratory experiments where Mulargia River sediments were brought to desiccation, found that the progressive decrease of water brought to a drastic decrease of bacterial live biomass (only 14% of the initial wet conditions) deprived of its main metabolic function (BCP). Rewetting of Mulargia sediments precipitated a slow recovery of structure and function (BCP), with the exception of EEAs, which promptly reactivated soon after rewetting . Hence summer conditions could represent the bottleneck for the reactivation of ecosystem functioning. In this context, our results show that bacterial abundance was about one order of magnitude lower in comparison with other freshwater aerobic sediments (Findlay et al., 2002; Fischer et al., 2002b) but comparable with data from sediments with similar low OM content, providing evidence for the oligotrophic nature of this system (Fischer et al., 2002a; Fazi et al., 2005) . Bacterial abundances changed moderately throughout this survey, with the exception of the March sample, when a peak value was observed (Fig. 1) . Apparently the flood did not affect BAB, as no variations related to flow were observed. Interestingly, no major differences were found in community composition. The community was mainly dominated by Alpha-Proteobacteria, which represented about 30% of the bacterial cells, followed by Beta and Gamma-Proteobacteria. Few studies have assessed the impact of water flow on microbial composition, and most of these have focused on the architecture of benthic biofilms (Battin et al., 2003) or on comparing microbial communities associated with gravels in riffles and with fine sediments in depositional areas . Taking into account the results of previous experimental studies on river sediments exposed to drastic changes in water availability (dry-wet) that showed a substantial influence of drying on community composition Marxsen et al., 2010) , it is possible that the variation in water flow did not represent as strong of a selective force as did extreme dryness. However, our results showed an important shift in the functional parameters, and the description of these changes could help elucidate how biota responds to environmental perturbations of different intensities.
Bacterial carbon production rates were in line with the oligotrophic characteristics of the sediments, falling into the lowest range reported in the literature (Kirschner & Velimirov, 1999; Fischer et al., 2002b; Buesing & Gessner, 2006) . The BCPs, in accordance with data reported for river sediment (Fischer et al., 2002a; Buesing & Marxsen, 2005) , varied between 0.09 f mol C h -1 cell -1 during spring and summer conditions and 0.27 f mol C h -1 cell -1 observed in winter during the flood event.
Community respiration is considered a basic measure of OM decomposition and energy flow (Hill & Gardner, 1987; Hall & Meyer, 1998; Hill et al., 2000) . Respiration rates result from complex interactions between sources and environmental factors and bacteria have been shown to be key agents of this function, with high seasonality and spatial differences (Jones et al., 1995 , Uehlinger & Naegeli, 1998 Mulholland et al., 2001; Mulholland et al., 2005) . The data available on the sediment mineralization process are scarce and were obtained by different methods, often rendering difficult any comparison of data (den Heyer & Kalfs, 1998; Hill et al., 2000; Uehlinger et al., 2002; Bastviken et al., 2003; Logue et al. 2004) . In aquatic systems, incubation chambers have been used to quantify benthic CR in the uppermost sediment layer of semiarid streams (i.e., Jones et al., 1995; Uehlinger et al., 2002) despite the limitation that they pose (Uehlinger & Brock, 1991; Naegeli et al., 1995; Döring, 2007) . In this study, most of the respiration rates in the uppermost oxic layer of the sediment, where most of the mineralization occurs, fell within the range of 0.71-20 nmol C h -1 g -1 (where rates given in nmol m 2 day -1 were recalculated) reported by den Heyer & Kalfs (1998) for marine and freshwater sediments. The maximum rate observed in the Mulargia River fell out of this range (75 nmol C g -1 h -1 ), and it was associated with the flood event, when the other metabolic parameters also showed the highest values. These high rates may have been stimulated by the high inputs of particulate OM of allochthonous origin (see below). BGE values reported in the literature for lakes and rivers vary from 0.03 to 0.8 (Del Giorgio & Cole, 1998) , whereas in freshwater sediments a narrower range, from 0.1 to 0.4, has been observed (Bell & Ahlgren, 1987; Törnblom, 1996; Goedkoop et al., 1997; Bastviken et al., 2003) . BGE values [0.8 were observed in pore water supplemented with labile organic substrates under experimental conditions (Cunha et al., 2005) . In this study the lowest BGE values were found in July and in February (0.6 and 0.7, respectively) .We can hypothesize that the quality of the OM, rather than its quantity, led to these similar results. These two samples are characterized by differences in flow, nutrients (AFDW, TOC, TN), and temperature (Table 1, Fig. 1 ). In July, very low flow conditions may have determined limited renewal of OM sources (low contributions of TOC and TN) and the accumulation of refractory/exhausted OM. On the contrary, in February, the occurrence of the flood was associated with high OM and nutrient concentrations (see TOC and TN), probably due to the transport of particles of terrestrial origin. High respiration rates are associated with conditions where large debris is abundant (Jones et al., 1995) . These hypotheses can be also supported by the changes observed in EEAs during the flood (see below). As a matter of fact, floods in this system are also associated with high transport of readily mobilized particulate OM (Lo Porto et al., 2006) . Hence, in this system both the flood event, with its allochthonous inputs of detritus, and the very low flow can shift the metabolism toward mineralization processes, making the system a potential source of CO 2 . Indeed, the highest BCP rates associated with the relatively low respiration rates resulted in a relatively high BGE (0.8) in March that permitted the observation of the high capacity of the microbial community to transform the dissolved OM in biomass, with the ability to act as a sink for C-flux.
The patterns of EEA may provide specific insights on the available OM sources in natural systems, as well as functional profiles of microbial communities in substrate uptake processes and nutrient cycling (Wobus et al., 2003; Zoppini et al., 2005) . In highly dynamic systems, such as the Mulargia River, the OM inputs vary rapidly with respect to the intensity of the flow (Lo Porto et al., 2006) , and the assessment of EEA under different flow conditions allowed us to detect changes in the OM utilization. Alkaline phosphatase (APA) and amino peptidase (AMA) activities were the most powerful enzymes in discriminating such differences. The high contributions of APA and AMA implied either a fast phosphorous and nitrogen flux or a nutrient-impoverished environment, because nutrient limitation may induce bacterial cells to synthesize specific enzymes (Taylor et al., 2003) . The positive and significant correlation between EEAs (APA and AMA) and bacteria (cell abundance and BCP) could have been indirectly influenced by the presence of algae, the production of labile OM by which may have contributed to the stimulation of the biomass and metabolic rates observed in March. The high contributions of these activities to determining bacterial growth can be related to the oligotrophic conditions of this system. Spring conditions stimulated the highest metabolic rates regarding BCP and APA. Usually labile OM is available during this season, deriving from algae as revealed by its higher chlorophyll/OM ratio (Romani et al., 1998) . High APA activity denotes a condition of strong P limitation, where BB and production are strictly dependent on the hydrolyzing capacities of phosphorylated OM. Such conditions of P limitation are associated with high turnover times ([20 h), as shown by the PCA analysis (Fig. 4) .
The interpretation of the peptidase activity pattern is complex as it is an amphibolic enzyme potentially important in both carbon degradation and nitrogen acquisition. APA/AMA ratio, utilized as an indicator of inorganic nutrient imbalance in microbial communities (Sala et al., 2001) , was found to be rather constant (1.1 ± 0.5). This finding reflects the limited seasonal variability in the quality of OM, at least with respect to the balance between phosphorylated organic compounds and proteinaceous material. The strategic role of nutrients in this environment is apparent in the significant increase of beta-glucosidase and lipase activities coinciding with the increment of contributions of TN and TP to sediments during the flood.
The interdependence observed between CR rates and the activity associated with lipase and betaglucosidase relies on the specificity of these enzymes to hydrolyze energy-rich compounds. The products of these enzyme activities (e.g., glycerol, fatty acids, and glucose) represent readily usable sources of energy fueling catabolic metabolism (Fig. 4) . Flood conditions significantly changed the enzyme profile, stimulating the highest rates of beta-glucosidase and lipase and CR rates. This increase of EEA could be due to the input of allochthonous carbon-rich debris (Jones et al., 1995) , as confirmed by the increased contribution of TOC content (Table 1) . Flood conditions also greatly stimulated the metabolic rates of AMA, for which high nutritive values of the hydrolytic products (i.e., amino acids) contribute to short turnover times (\10 h). Hence, the flood event induced a drastic change in the metabolic profile of the microbial community considering that, in the same season but without a flood event (see January, Fig. 2b ), we observed EEAs in the lowest range of values. Hence, the ability of AMA and APA to acquire nutrients from OM is determinant of bacterial production of new biomass when the OM source is implemented by either internal (in spring) or external (floods) events, whereas lipase and beta-glucosidase play a major role in fueling catabolic metabolism when external events bring allochthonous resources (Fig. 4) .The extracellular enzymes are excreted by different bacterial groups that may differently contribute to the metabolic profile of the whole microbial community (Haynes et al., 2007) . Several studies have begun to link microbial community structure to functioning in different aquatic environments using a combination of several methods or focusing on functional genes as markers of functional groups (De Long, 2004; Wilmes & Bond, 2009 ). However, it is still challenging to relate distinct phylogenetic groups, as identified by the rRNA-based molecular tools, to their respective functional roles because bacterial physiology can vary significantly, and some microbial functions (e.g., nitrogen fixation, denitrification) and the use of certain carbon substrates are widespread throughout the bacterial domain (Logue et al., 2008) .
As suggested by the increasing data on cloning of 16S rRNA gene fragments and Fluorescence In Situ Hybridization analysis from a wide range of freshwater ecosystems, the Alpha, Beta, and Gamma subclasses of Proteobacteria account for a large portion of the domain Bacteria in lotic sediments, whereas members of the other groups, such as Cytophaga-Flavobacterium, Firmicutes, and Planctomycetales, are normally found in lower numbers Gao et al., 2005) . Our data on community composition of lotic sediment confirmed these findings. Moreover, when considering patterns related to microbial C transformations (AFDW, BGE, T 2 , BB, CR) and the relationships of these patterns to microbial community composition (Fig. 4) , our data defined an ecological context in which the Alpha subclass of Proteobacteria clearly dominates the microbial community in terms of biomass and abundance. The relative percentages of this group were associated with relatively higher values of BGE, suggesting a higher efficiency in the nutrient assimilation. The Beta-Proteobacteria subclass was consistently lower in abundance than the Alpha subclass, but it was associated with CR and specific enzymatic activities (Beta-glu, AMA, Lipase), thus appearing to be involved mainly in substrate mineralization and catabolic processes. These two phylogenetic groups are reported to be particularly active components of freshwater microbial communities associated with sediments and biofilms naturally or experimentally exposed to hydrological fluctuations Besemer et al., 2009; Marxsen et al., 2010) . The relative abundance of Gamma-Proteobacteria was generally low but related to BB and to a more intense APA (Fig. 4) . The members of this group, which are well adapted to high nutrient concentration (Glockner et al., 1999) , were relatively abundant in March, when extra OM and nutrients may have become available, sustaining the highest BB and bacterial growth.
Conclusions
Under a global warming scenario, changes in rainfall frequency and distribution could impact the hydrological cycle (Allen & Ingram, 2002; Milly et al. 2005) . Moreover, recent results from the analysis of the hydrological regimes in seven catchments of different sizes in Mediterranean Europe, including the Mulargia River, showed a complex response of the catchments to rainfall (Gallart et al., 2008) . Hence, in the coming years, changes in the hydrological characteristics of the temporary rivers can be expected, with unpredictable effects of flood and drought. Overall, our results showed that changes in water flow regime can affect the microbial community functioning. Changes in river hydrology seem not to reflect on bacterial biomass or composition, because these communities adapted to live in a dynamic system. However, we observed relevant changes in microbial metabolism. Sediment can act as a potential C ''sink'' in periods when favorable environmental conditions (i.e., spring) permit the input of organic matter with labile substances. On the other hand, in concomitance with extreme conditions (i.e., floods in winter and minimal flow in summer), the microbial metabolism shifts toward mineralization processes, rendering the river sediments a potential ''source'' of CO 2 .
